Background: Magnetic nanoparticles biofunctionalized with antibodies are able to recognize and bind to the corresponding antigens. In this work, anti-C-reactive protein (CRP) antibody was covalently conjugated onto the surface of magnetic nanoparticles to label CRP specifically in serum. Methods: The level of serum CRP was detected by immunomagnetic reduction (IMR) assay, which identifies the changes in the magnetic signal representing the level of interaction between antibody-conjugated magnetic nanoparticles and CRP proteins. To investigate the feasibility of IMR for clinical application, pure CRP solutions and 40 human serum samples were tested for IMR detection of CRP to characterize sensitivity, specificity, and interference. Results: In comparison with the immunoturbidimetry assay, the results of the IMR assay indicated higher sensitivity and had a high correlation with those of the current immunoturbidimetry assay.
Introduction
Biomarkers play a role in the functioning of pathogens, and are used as indicators of disease in the clinical setting. For example, when tissues are damaged during the course of infectious and noninfectious disease processes, cytokines are produced which induce overexpression of C-reactive protein (CRP) in the liver. Because CRP levels increase dramatically in the event of injury or infection, CRP levels have become key indicators of infectious/noninfectious disease and of acute conditions. Hence, quantitative immunoassay tests for CRP are important tools in clinical diagnosis.
At present, there are several quantitative methods used for CRP assay, including biochemistry analysis, enzyme-linked immunosorbent assay, [1] [2] [3] radioimmunoassay, 4 immunoturbidimetry, and immunonephelometry. 5 Although these assay methods are widely used and popular in the clinical setting, they have several disadvantages. For instance, the radioimmunoassay raises the problem of radiological waste, the enzymelinked immunosorbent assay involves complicated processes, such as unstable wash procedures, use of two different antibodies, absorption of fluorescent light by the samples, and immunoturbidimetry and immunonephelometry have serious interference from intrafat. These disadvantages motivated us to explore alternative assay methods for CRP.
One promising assay method using magnetic nanoparticles is the so-called magnetically labeled immunoassay. It has been shown technically that the magnetically labeled immunoassay has the merits of high sensitivity, 6 versatile diagnostic methods, [6] [7] [8] [9] convenient processes, 7, 8 and high accuracy for detecting biomarkers, and could potentially be used in the clinical setting. In fact, magnetic particles have been used in cell sorting for the detection of human leukocyte antigen B27, 10 and it has been shown that the performance of magnetic cell sorting is much better than that of flow cytometry. In order to take advantage of magnetic nanoparticles in clinical molecular assays, Fe 3 O 4 magnetic nanoparticles conjugated with anti-CRP antibody can be used as labeling markers for detecting CRP. Meanwhile, the method referred to as immunomagnetic reduction (IMR), 11, 12 a type of magnetically labeled immunoassay, is utilized to detect and quantify CRP levels through reduction of magnetic signals due to the association between magnetic nanoparticles and CRP.
To characterize the IMR assay for CRP, the relationship between reduction in magnetic signals from a magnetic reagent and a known concentration of CRP was established. The results were compared with that of an immunoturbidimetry assay. Further, to confirm the validity of IMR assay for clinical detection of serum CRP, multiple serum samples were used for the CRP assay via both IMR and immunoturbidimetry assays. Thus, the correlation between assaying CRP using IMR (XacPro-E101, MagQu Co, Ltd, Sindian District, New Taipei City) and immunoturbidimetry (Cobas Integra 800, Roche) was clarified. In addition, interference by bilirubin, hemoglobin, and intrafat on CRP assay for serum samples using IMR was examined.
Materials and methods

Immunomagnetic reduction assay
The IMR assay is a method used to detect the concentration of biomolecules in a liquid sample by measuring reduction in the mixed-frequency alternative current (AC) magnetic susceptibility of magnetic reagent due to the association between magnetic nanoparticles and biomarkers. 11, 12 To achieve specific binding of magnetic nanoparticles onto CRP, anti-CRP is covalently coated onto magnetic nanoparticles, which are stably dispersed in phosphate-buffered solution (pH 7.2). Under the action of multiple AC magnetic fields, individual magnetic nanoparticles dispersed in a reagent rotate in response to applied AC magnetic fields. Because each magnetic nanoparticle possesses a magnetic moment, the reagent exhibits AC magnetic susceptibility (χ ac ) under an external AC magnetic field. When a sample containing a biomarker, eg, CRP, as used in this study, is mixed with a magnetic reagent, magnetic nanoparticles in the reagent associate with CRP via the formation of immune complexes of CRP-anti-CRP magnetic nanoparticles, as schematically shown in Figure 1 . The formation of immune complexes results in growth or clustering of the magnetic nanoparticles. Because larger or clustered magnetic nanoparticles are heavier or are confined physically, they cannot rotate in response to the applied AC magnetic fields, reducing the AC magnetic susceptibility of the magnetic reagent. Therefore, the concentration of CRP in the samples can be assayed by measuring the reduction in AC magnetic susceptibility of the magnetic reagent following addition of samples into the magnetic reagents.
Preparation of magnetic reagent
The magnetic reagent in this study was magnetic fluid composed of biocompatible magnetic Fe 3 O 4 nanoparticles (MagQu Co, Ltd). The Fe 3 O 4 nanoparticles were coated with dextran, which served as a surfactant for Fe 3 O 4 particles dispersed in water. To achieve the association between CRP and magnetic nanoparticles, polyclonal goat anti-CRP (Sigma-Aldrich, St Louis, MO) was covalently bound onto the dextran on the Fe 3 O 4 particles. 13 Through magnetic separation, unbound anti-CRP was separated from the solution. The concentration of magnetic reagent was 0.1 emu/g in terms of magnetism according to our preliminary work. 14 Using dynamic light scattering, the average hydrodynamic diameter of our biofunctionalized anti-CRP magnetic particles was 58 nm. 
Preparation of samples
Two types of samples were used for IMR measurement. The first type was a pure CRP solution (Sigma-Aldrich), prepared by spiking pure CRP into phosphate-buffered solution (pH 7.2). The second type was human serum.
IMr measurement
In this work, a magnetic immunoassay analyzer (XacPro-E101, MagQu Co, Ltd) was used to measure the reduction in AC magnetic susceptibility of the reagent after mixing with the samples for detection. In the experiment, 40 µL of magnetic reagent was mixed with 60 µL of serum or pure CRP solution for IMR measurement. The AC magnetic susceptibility of the reagent before and after incubation of the immune complexes is denoted by χ ac,o (or χ ac,φ ), where φ refers to the concentration of CRP in a sample. The IMR signal was obtained via IMR = (χ ac,o -χ ac,φ )/χ ac,o × 100%.
Interference analysis
The interference materials used were bilirubin, hemoglobin, and intrafat (Denka Seiken Co, Ltd, Tokyo, Japan). The bilirubin was of two types, ie, one not conjugated with albumin (denoted as bilirubin-F), the other conjugated with albumin (denoted as bilirubin-C). All these interference materials were added separately to individual serum samples containing CRP. The original serum samples and those added with interference materials were used for IMR measurement of CRP concentration.
Results
CrP and anti-CrP magnetic nanoparticle interaction reduces real-time χ ac signal
The interaction between antibody-conjugated magnetic particles and CRP proteins can be clarified using the IMR assay, an example of which is seen in Figure 2A time-dependent χ ac of IMR on CRP. In this case, the solution to be detected is pure CRP, with a CRP concentration of 4.99 mg/dL, detected using immunoturbidimetry. Real-time χ ac measurement was started just after mixing the pure CRP solution and the magnetic reagent. At the start of χ ac measurement, the χ ac signal of the mixture remained almost constant (about 64.23). The χ ac signal dropped to another constant (approximately 63.49) at around 120 minutes. The results shown in Figure 2A imply that the magnetic nanoparticles did not associate with CRP during the period from 0 to 90 minutes. From 90 to 110 minutes, the magnetic nanoparticles were associating with CRP and the χ ac signal was decreasing. At 120 minutes, the magnetic nanoparticles finished associating with CRP and the χ ac signal remained stable. It is noteworthy that measurements were made at room temperature and under an AC magnetic field. This indicates that incubation of immune complexes of CRP-anti-CRP magnetic particles was achieved at room temperature. The results also show that it takes at least 120 minutes for complete incubation. Our recent results (not shown here) show that the assay time can be decreased to less than one hour by adjusting the concentration of the reagent and adding adequate detergent into the reagent. We believe the testing time could be reduced, hopefully to within 30 minutes, by adjusting such parameters as incubation temperature, concentration of the reagent, and the volume of the reagent and CRP solution. Furthermore, the IMR signal (χ ac -χ ac,φ )/χ ac,o , was found to be 1.15%. Three individual pure CRP solutions of the same concentration (4.99 mg/dL) were used for the time-dependent χ ac measurement. The IMR signals for these three tests are shown in Figure 2B . We obtained an IMR signal of 1.15% ± 0.025%. This results in the coefficient of variation being 2.16%.
IMr signal is correlated with CrP concentration
Various concentrations of pure CRP protein were measured by IMR to establish the relationship between CRP concentration and IMR signals. The results are plotted with cross symbols in Figure 3 . The IMR-CRP curve (solid line) in Figure 3 shows clearly that the IMR signal increases with increasing CRP concentration. Furthermore, the sensitivity of IMR for CRP using pure CRP solution is 10 -2 -10 -3 mg/dL. The IMR signal for a given human serum sample was then detected. According to the IMR-CRP curve using pure CRP solutions, the concentration was determined to be 12.78 mg/dL. The human serum sample was then diluted with phosphate-buffered solution (pH 7. from these diluted serum samples were measured and are plotted with rhombus symbols in Figure 3 . It was found that the IMR signals for diluted serum lay in the IMR-CRP curve for pure CRP solutions, revealing good IMR assay consistency between the pure proteins and the serum samples.
In comparison with traditional CRP assays using immunoturbidimetry, the results are plotted with the dashed line in Figure 4 for pure CRP solution (cross symbols) and diluted serum (rhombus symbols). The assay intensity shows little change for lower concentrations of CRP, followed by a monotonous increase in intensity for CRP concentrations higher than 0.01 mg/dL. This means that the sensitivity of assaying CRP using immunoturbidimetry is 0.01-0.1 mg/dL. Notably, the signal intensity of the diluted serum sample of 0.01 mg/dL deviates from the dashed curve. This indicates that the reliability of immunoturbidimetry is suppressed for CRP serum samples of low concentration.
High correlation between immunoturbidimetry and IMr in serum CrP measurement
A further 40 human serum samples were used for IMR measurement. Using the standard curve (solid line) shown in Figure 3 , the CRP concentration in serum samples could then be identified via IMR. The CRP concentration of each human serum sample was also detected by immunoturbidimetry. Thus, for a give serum sample, there were two CRP concentrations, ie, one detected by immunoturbidimetry (referred to as CRP*), and another measured by IMR (referred to as CRP+). To examine the correlation between CRP* and CRP+, the CRP+ versus CRP* for these 40 serum samples is shown in Figure 4 . A highly positive correlation was found between CRP concentrations measured by immunoturbidimetry and those measured by IMR. On further analysis, the correlation constant (R) was 0.97.
Because immunoturbidimetry is widely used in the clinical setting, the CRP concentrations of serum samples detected by immunoturbidimetry were regarded as reference values. Furthermore, in the clinic, the cutoff for CRP concentration is 0.5 mg/dL. Using this criterion, numbers in the positive (CRP . 0.5 mg/dL) and negative (CRP , 0.5 mg/dL) ranges via immunoturbidimetry and IMR are listed in Table 1 , and show that the sensitivity and specificity values are 0.963 and 0.923, respectively, and the positive predictive and negative predictive values are 0.962 and 0.923.
Serum CrP tested by IMr not affected by interference
Two serum samples containing a known CRP concentration were used for the interference assays. The samples were mixed with additional bilirubin-F, bilirubin-C, hemoglobin, submit your manuscript | www.dovepress.com
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and intrafat, at final concentrations of 16 mg/dL, 16 mg/dL, 0.24 mg/mL, and 50%, respectively. Triple IMR assays for CRP were performed for each sample. The CRP concentration results detected by IMR are plotted in Figure 5 . The CRP concentration in serum containing only CRP was 2.01 ± 0.06 mg/dL, and 2.12 ± 0.08 mg/dL for the sample containing both CRP and bilirubin-F ( Figure 5A ). Using an independent-sample t-test, the P value for the difference between these two sets of samples in Figure 5A is 0.13. The CRP concentrations detected via IMR for serum with CRP only and with both CRP and bilirubin-C were 1.19 ± 0.06 mg/dL and 1.24 ± 0.06 mg/dL, respectively, as plotted in Figure 5B . This results in a P value of 0.35. Comparison between CRP concentration in serum containing CRP only and that containing both CRP and hemoglobin/ intrafat are plotted in Figure 5C and D. The P values were found to be 0.08 and 0.96 for the groups in Figure 5C and D, respectively. It is worth noting that the P values for the groups in Figure 5A -D are .0.05. This indicates that bilirubin-F, bilirubin-C, hemoglobin, and intrafat do not affect the IMR assay for CRP in serum. The reason for this is that no more nonspecific interaction was observed after coating dextran onto the surface of the nanoparticles. The anti-CRP antibody was then conjugated onto dextran as the reagent for IMR. The IMR signal comes specifically from the interaction between CRP and its antibody, which also explains the consistent results using pure CRP or a serum sample for the samples tested in Figure 3 . Further, the IMR signals are all around noise level (0.6%-0.7%) in the tests of solution only containing interference molecules (but no CRP) and the blank solution containing no CRP and no other interference as references (data not shown).
Discussion
There were some remarkable features on IMR assay for CRP in human serum. Firstly, the high sensitivity of the assay for CRP (10 -2 -10 -3 mg/dL) could be achieved using IMR because the effective area for conjugation between CRP and anti-CRP was significantly enhanced using magnetic nanoparticles. In addition, the biomarkers directly associated with the magnetic nanoparticles, serving as marking labels. This resulted in not only a higher sensitivity but also a higher reliability for the assay.
Secondly, the results of the interference tests revealed that the contributions of bilirubin, hemoglobin, and intrafat in serum to the CRP assay via IMR were almost negligible. The advantage of high specificity using the IMR assay to detect CRP in serum is attributable to the sample color independence of IMR because magnetic signals were detected in IMR, instead of optical-related signals. In addition, in IMR, magnetic nanoparticles are driven to rotate with high-frequency AC magnetic fields. Biomarkers associated onto magnetic nanoparticles are subject to centrifugal force while the nanoparticles are rotating. The centrifugal force becomes stronger as the rotating frequency of the nanoparticles increases. In general, the binding force of nonspecific molecular association is weaker than that of specific molecular association. Thus, at suitably higher rotating frequencies, the nonspecific binding between anti-CRP and bilirubin, hemoglobin, or intrafat is disrupted, whereas specific binding between anti-CRP and CRP is still effective. Therefore, high specificity is achieved for the IMR assay.
Thirdly, the correlation coefficient for CRP assay by IMR and immunoturbidimetry was found to be 0.97 using 40 human serum samples. Although the CRP assay results obtained with immunoturbidimetry were not 100% correct, these results are clinically significant. Using the assay results for CRP via immunoturbidimetry as references, both the clinical sensitivity and specificity of the IMR assay for CRP in 40 human serum samples were found to be higher than 0.9. These observations indicate that IMR has the same clinical significance as immunoturbidimetry. Fourthly, from the operational point of view, IMR shows some important advantages, including being wash-free and dilution-free. For example, the unbound biomarkers and magnetic nanoparticles do not necessarily have to be removed. The assay process for IMR is indeed wash-free and simple. Hence, IMR is more convenient to use than the conventional assay methods.
However, it seems to take a long time to complete each IMR assay for CRP. More effort needs to be made to speed up the incubation between biomarkers and magnetic nanoparticles biofunctionalized with antibodies, eg, by adding adequate detergents to the reagent, increasing the concentration of antibodies in the reagent, and raising the incubation temperature.
Conclusion
According to the curve for the IMR signal versus CRP concentration, the sensitivity in terms of concentration is down to 10 -2 -10 -3 mg/dL for the IMR assay. This sensitivity is higher than that required by the clinical criteria (0.5 mg/dL) by almost one order of magnitude. Using detection of CRP concentration in 40 human serum samples, the assay results for IMR are highly comparable with those of immunoturbidimetry. It was also demonstrated that the interference caused by bilirubin, hemoglobin, and intrafat on the CRP assays is negligible via IMR. These results show the promising feasibility of assaying CRP in human serum using immunomagnetic reduction in the clinic.
